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A B S T R A C T
Chemical modifications of DNA and RNA regulate genome functions or trigger mutagenesis resulting in aging or
cancer. Oxidations of macromolecules, including DNA, are common reactions in biological systems and often
part of regulatory circuits rather than accidental events.
DNA alterations are particularly relevant since the unique role of nuclear and mitochondrial genome is coding
enduring and inheritable information. Therefore, an alteration in DNA may represent a relevant problem given
its transmission to daughter cells. At the same time, the regulation of gene expression allows cells to con-
tinuously adapt to the environmental changes that occur throughout the life of the organism to ultimately
maintain cellular homeostasis.
Here we review the multiple ways that lead to DNA oxidation and the regulation of mechanisms activated by
cells to repair this damage. Moreover, we present the recent evidence suggesting that DNA damage caused by
physiological metabolism acts as epigenetic signal for regulation of gene expression. In particular, the predis-
position of guanine to oxidation might reflect an adaptation to improve the genome plasticity to redox changes.
1. Introduction
8-oxo-7,8-dihydroguanosine (8-oxo-dG) is the most frequent DNA
oxidation product. Its syn arrangement pairs with adenine leading to
G:C-T:A transversion upon replication. Despite an efficient removal
system, 8-oxo-dG adducts can be still detected and used as indicators of
DNA exposure to reactive oxygen species.
In addition, the mechanisms of 8-oxo-dG formation and processing
across the genome suggest that this adduct can play a role in the reg-
ulation of genomic functions.
2. Oxidized deoxyguanosine is the main product of DNA oxidation
Pro-oxidant species are relatively abundant within cells, con-
tinuously generated by endogenous metabolism or upon exposure to
external factors such as different types of radiation or pollutants. They
can oxidize DNA either by altering the four bases or the deoxyribose.
Reactive oxygen species (ROS)-mediated DNA oxidation is a relevant
phenomenon and it has been estimated to occur only at a 50% lower
rate as compared to the protein oxidation one [1].
In the DNA context, guanine has the lowest oxidation potential
(−1.29 mV vs. normal hydrogen electrode) with respect to other bases
[2,3]. The oxidation product of the C8 of the imidazole ring of deox-
yguanosine (dG) generates the 8-oxo-dG (8-oxoguanosine, tautomer
known as 8-hydroxyguanosine) (Fig. 1). 8-oxo-dG can be either formed
at level of free nucleotides (8-oxo-GTP) [4] or directly at the level of the
DNA molecule and represents the most stable and common product of
DNA oxidation. Notably, oxidation of the dG located at the 5′ end of G
repeats is favored because of its redox potential and because of the
migration of radical cation [5,6].
The percentage of steady-state oxidized dG within the nuclear
genome has been estimated to account for approximately 104 to 106
[7–9] 8-oxo-dG adducts in a single nucleus.
Hydroxyl radical (•OH), hydroperoxide radical (•OOH), or the rare
singlet oxygen (1O2) can attack the C8 of the imidazole ring of dG and
form 8-oxo-dG. Moreover, •OH nucleophilic attack at C4, C5 and C8
positions of guanine following dehydration generates guanine radicals
that decay to oxazolone in the case of C4 and C5 oxidation, or to 8-oxo-
dG following hydrolysis of C8–OH. The reactions of dG with •OH and
the •OOH are both highly exothermic despite the significant reaction
barrier observed for •OOH-mediated C8-dG oxidation [10]. In parallel,
peroxynitrite anion (ONOO−), a reactive nitrogen species (RNS)
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produced by the reactions of hydrogen peroxide (H2O2) with nitrite
(NO2−) or superoxide (O2−•) with nitric oxide radical (NO), can also
form 8-oxo-dG though at slower rate due to an unfavored reaction
barrier [11]. Therefore, the major source of 8-oxo-dG is the reaction of
DNA with •OH. Two-electron transfer reaction generates guanine ra-
dical and then 8-oxo-dG. Eventually, the carbonate radical (CO3•−) can
oxidize guanine to guanine radical cation [12]. However, the majority
of studies on the source of 8-oxo-dG focus on the reaction of DNA with
•OH.
3. The origin of the •OH forming 8-oxo-dG
Within the cell, •OH is formed by the decay of H2O2, ONOO− or
peroxynitrous acid (ONOOH). The presence of reduced transition me-
tals (e.g. Fe2+ and Cu+) is required for the substantial conversion of
peroxide into •OH as described first by Henry John Horstman Fenton in
1894 [13]. However, a metal-independent •OH generation mechanism
has been recently evidenced: this mechanism relies on the poly-
halogenated quinones-mediated H2O2 homolytic decomposition [14].
Eukaryotic cells do not display significant levels of free intracellular
copper, whereas ferrous ion is relatively abundant [15,16]. On the
other hand, transition metals are not required for the release of •OH by
the RNS decomposition. Indeed, peroxynitrous acid decays by homo-
lysis of its peroxo bond (k = 0.9 s−1 at 37 °C and 0.26 s−1 at 25 °C
and pH 7.4) generating both nitrogen dioxide (•NO2) and hydroxyl
radicals (•OH) [17]. Eventually, highly concentrated HNO3 has been
shown to generate •OH radical through a homolytic reaction, releasing
both •OH and •NO2 as products [18]. •OH reacts immediately with every
species around the site it is formed at a rate that is restricted only by the
diffusion rate of reactants in solution (diffusion-control rate reaction)
[19]. Therefore, the •OH necessary to oxidize dG must be generated
very close to the DNA, within an estimated diffusion range of ~5 nm,
which corresponds to the width of 2–3 double helices [20].
The effective amount of ONOO− or H2O2 and Fe2+ in close proxi-
mity to DNA under physiological conditions is still undetermined.
ONOO− passes across biological membranes and has an intracellular
half-life of 10 ms, sufficient to diffuse across an entire cell diameter
[21]. Thus, ONOO− generated inside the cytosol upon the reaction
between NO and O2− might be present within the nucleus. However, the
most stable and abundant ROS within cellular cytoplasm and nucleus is
considered to be H2O2 [22]. Thus, the cellular system displays parti-
cular sensitivity to the lack of catalase (CAT) or glutathione peroxidase
(GPX) scavenging activities [23]. Under physiological conditions, up to
2% of O2 is converted to O2−• inside cells. This production is mainly due
to mitochondrial respiration [22] or to the activity of cellular oxidases
[24]. Superoxide anion is then converted to hydrogen peroxide by the
protein family of superoxide dismutases (SODs), acting in the cytosol, in
mitochondria, and in the extracellular space [25]. At the same time,
H2O2 can be originated within the nucleus. The O2−• producing NAD(P)
H oxidase Nox4 has been shown to display a nuclear localization in
endothelial and myocardial cells [26]. Notably, suppressing Nox4 nu-
clear activity affects both cysteine oxidation and histone deacetylase
HDAC4 functions [27]. In hemangioendotheliomas [28] and myelo-
dysplastic/leukemic cells [29] aberrant expression of Nox4 in the nu-
cleus has been reported to correlate with higher levels of 8-oxo-dG
critical for tumor progression. Moreover, O2−• dismutation by nuclear
manganese-dependent superoxide dismutase (MnSOD) may also con-
tribute to the nuclear production of H2O2 [30]. In addition, Lys-de-
methylases (LSD1 and LSD2) located on nucleosomes catalyze histone
lysine (Lys) oxidative demethylation through flavin redox cycles re-
leasing H2O2 [31]. Hundreds of enzymes containing flavin as coen-
zymes are expressed in mammals. Flavin coenzymes are very versatile
due to their multiple redox states. They transfer one or two electrons
and protons and are implicated in the divalent reduction of molecular
oxygen to H2O2 [32]. Among these enzymes, LSDs are the only fla-
voenzymes present in the nucleus. Other Lys-demethylases such as the
Jumonji C family of mono-, di- and trimethylated Lys-demethylases
operate on histones, but use Fe2+ and the α-ketoglutarate-to-succinate
co-reaction [33]. Intriguingly, LSD-mediated methyl group oxidation
results in the release of formaldehyde, whose role in the inhibition of 8-
oxo-dG removal has been reported [34]. On this basis, LSDs activity can
indirectly promote the formation of 8-oxo-dG in the nucleus. Finally,
Lysyl oxidase [35] and spermine oxidase [36] are other sources of
nuclear H2O2, even though their contribution to DNA oxidation has
never been reported.
As far as iron is concerned, direct measures of Fe2+ ions in the
nucleus are scarce. X-ray fluorescence was used to detect iron pools in
the nucleolus of pea plant cells [37]. Recently, Cloetens and colleagues
described that iron within the nucleus of lymphocytes is mainly asso-
ciated with the nuclear envelope rather than with the chromatin [38].
In addition, X-ray analysis on liver biopsies revealed a markedly lower
iron abundance inside the nucleus as compared to other intracellular
compartments [39]. These data suggest that iron is generally kept far
from the genome thus lowering the risk of Fenton reactions.
Moreover, CAT, GPX and Glutathione transferases (GSTs) have been
reported to preferentially localize in the perinuclear region or associate
to the nuclear envelope of hepatocytes [40]. At the same time, the
cytosolic pool of reduced glutathione (GSH) has been reported to pre-
vent nuclear oxidative stress by scavenging cytosolic ROS [41]. Despite
the abundance of iron-containing enzymes within the nucleus (e.g.
Fig. 1. Schematic overview of 8-oxo-dG gen-
eration. Cellular 2′-deoxyguanosine undergoes an
oxidative process which is mediated by a plethora
of different agents. The most abundant inter-
mediate in this process is hydrogen peroxide
(H2O2) which derives from cellular metabolism
and superoxide dismutases (SODs) activity. H2O2
promotes •OH release in the presence of transition
metals. However, other reactive oxygen species
(ONOO−, •OOH, CO3•− or 1O2) may also intervene
in this process and increase the rate of 8-oxo-dG
formation.
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replicases, helicases, primases and DNA repair glycosylases) [42], a
pool of nuclear ferritin plays a crucial role in protecting DNA by
quenching nuclear free-iron [43]. However the ROS-dependent reg-
ulation of transcription factors [44], replication enzymes [45] and
structural proteins such as lamin [46] suggests that a critical ROS
concentration has to be maintained physiologically in the nucleus.
4. The fate of 8-oxo-dG
In the B-form of DNA, the 8-oxo-dG presence impairs the “anti”
angle around the glycosidic bond as the oxygen on the C8 would hinder
the deoxyribose sugar, resulting in a stable “syn” conformation. In the
syn conformation 8-oxo-dG mimics thymidine and pairs to “anti” ade-
nine. This mismatch provides a way to bypass the dG alteration during
DNA or RNA polymerization differently from other kinds of DNA da-
mage [47]. Therefore, 8-oxo-dG maintenance prior to replication leads
to a miscode transversion of GC to TA in the replicated strand [48].
However, dA is not always efficiently incorporated opposite to 8-oxo-
dG template since DNA polymerase β (Pol β) can rotate the backbone of
8-oxo-dG for efficient pairing with dC [49]. On the contrary, DNA
polymerase δ stalls in the presence of 8-oxo-dG, thus allowing the
switch to other polymerases including the Pol η, which maintains high
fidelity pairing with dC [50].
The specific enzymatic removal of 8-oxo-dG is catalyzed by nu-
cleotide excision repair (NER) or by base excision repair (BER), two
mechanisms that evolved from prokaryotes. In mammals the 8-oxo-dG
DNA glycosylase (OGG1) recognizes the 8-oxo-dG opposite to dC [51]
and cleaves the N-glycosidic bond between the base and deoxyribose. In
this way, it generates an apurinic site (AP) and triggers the BER me-
chanism (Fig. 2).
If 8-oxo-dG is not removed and DNA is replicated, MTH1 (homolog
of E. coli mutY) glycosylase excises 8-oxo-dG-paired adenine while
promoting at the same time OGG1 activity. Upon removal, the adenine
can be replaced by cytosine [52]. Thus, both MTH1 and OGG1 prevent
8-oxo-dG accumulation in DNA.
Even if OGG1 can excise the AP site at low efficiency [53], AP site is
the substrate of the apurinic/apyrimidic endonuclease 1 (APE1). This
enzyme hydrolyzes the phosphodiester bond at the 5′ of the AP site and
produces a single-strand break (SSB) [54], which can be repaired by the
replacement of a single or of few [2–10] nucleotides [51]. APE1 also
removes 3′ oxidatively damaged DNA ends, including 3′ 8-oxo-dG, and 3′
unsaturated aldehyde generated by the AP endonuclease activity of DNA
glycosylases [55]. This activity results in 3′-phosphate generation that
can be subsequently converted to 3′-OH by the phosphatase activity of
polynucleotide kinase 3′-phosphatase (PNKP). On the contrary, the 5′-
deoxyribose phosphate terminus is mainly removed by the Pol β [56]
that synthesizes the missing base. Then, DNA Pol λ and Pol ε with the
Proliferating Cell Nuclear Antigen (PCNA) complete the DNA synthesis
[57]. At the end, the flap endonuclease 1 (FEN1) removes flap ends and
DNA ligase I seals the remaining nicks, thus rescuing DNA integrity.
Accessory proteins involved in the BER process include the X-ray
Repair Cross-Complementing Protein 1 (XRCC1) that coordinates the
assembly of BER enzymes and polyADP-ribose polymerase 1 (PARP1)
that senses DNA breaks and recruits other repair proteins [58].
5. Modeling the fluxes of H2O2 and •OH forming 8-oxo-dG
The intracellular ROS levels are determined by the balance of sev-
eral redox couples such as GSSG/GSH and NAD/NADH and reflects
overall endogenous metabolism [22]. Exogenous challenges such as
ischemia-hypoxia/reperfusion, carbon source and metal availability or
macrophages exposure during inflammation affect intracellular ROS
levels [59–62].
The amount of O2−• produced in cells in physiological steady state
leads to an intracellular [H2O2] in the low micromolar range (1 μM,
estimated in plasma cells and phagocytic cells) [63–66]. The rate of
Fenton decay of H2O2 to •OH is relatively fast in cellular conditions
(20,000–30,000 M−1 s−1 at 37 °C pH 6–7) [67]. In this scenario, under
the assumption of iron availability in the proximity of DNA and of not-
limiting diffusion rate of H2O2 to the nucleus [68], a maximal few
micromolar [•OH] could act on nuclear genome. Given the extremely
low •OH range of action, the amount of nuclear volume in which the
radical can exert its action, is accordingly reduced. The nuclear volume
within 5 nm from the DNA double helix corresponds to about 10% of
total nuclear volume, approximately 600 fL (6 × 10−13 L). Therefore,
assuming a nuclear [•OH] of 1 μM, a total number of one thousand •OH
molecules could constantly attack DNA (Fig. 3).
Notably, OGG1-mediated 8-oxo-dG removal appears to exceed the
Fig. 2. Base excision repair of oxidative DNA
damage. The presence of 8-oxo-dG in double
strand DNA may be repaired before replication by
the concerted activity of OGG1, APE1 and trans-
lesion synthesis machinery. Alternatively, MTH1
(the homolog of E.coli mutY) recognizes the ade-
nine introduced by replication and excises it.
Upon base excision, DNA damage is repaired
through the action of APE1 and translesion
synthesis machinery.
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rate of 8-oxo-dG formation as tissues from mice bearing OGG1 het-
erozygous deletion (OGG1+/−) show unaltered 8-oxo-dG contents in a
context of reduced OGG1 activity [69]. This high repair efficiency is
mainly due to DNA-binding time (in the order of subseconds), to a
sliding diffusion constant equal to 5 × 106 bp/s (i.e. the theoretical
upper limit for one-dimensional diffusion) and to a sliding activation
barrier of 0.5 kcal/mol [70]. However, in an equilibrium situation,
where 8-oxo-dG formation and removal rates are the same, the value of
105 to 106 8-oxo-dG adducts per nucleus is observed [7–9]. Interest-
ingly, OGG1−/− mouse embryonic fibroblasts have been shown to
display a nearly two-fold increase in 8-oxo-dG genomic accumulation
when compared to wild type fibroblasts [71]. This finding suggests that
completely abrogated OGG1 activity leads to a significant 8-oxo-dG
accumulation in the genome.
Despite the various approximations included in this analysis, it is
undeniable that the content of 8-oxo-dG is not compatible with sole or
major contribution of extra-nuclear H2O2. Oxidants such as CO3•− and
intra-nuclear H2O2 close to G sites of DNA may lead to further 8-oxo-dG
generation. In this sense, lipid peroxides have been recently shown to
induce a much higher 8-oxo-dG production in living cells when com-
pared to H2O2 [72]. However, several evidence indicate intracellular
H2O2 as the main source of the observed 8-oxo-dG in DNA. For ex-
ample, CAT overexpression reduces 8-oxo-dG content in cell cultures
and in vivo models [73]. Similarly, 2-mercaptoethanol depletion from
embryonic cell medium increases 8-oxo-dG levels, leading to mutations
in cardiac specification factor Tbx5i promoter and thus allowing car-
diac-like differentiation [74]. In several mammalian cell lines glu-
tathione depletion induces up to two-fold increase in 8-oxo-dG levels
[75]. Consistently, mice supplemented with the glutathione precursor,
acetyl-cysteine, display decreased 8-oxo-dG in several tissues [76].
Moreover, iron depletion has also been shown to reduce guanosine
oxidation [77]. Eventually, recent works have substantiated that other
stimuli affect 8-oxo-dG content independently of their redox effect,
such as carbon tetrachloride [78], forms of graphene [79], diesel ex-
haust particles or hydroxyapatite nanoparticles [80].
6. Regulation of OGG1 activity
8-oxo-dG repair is not constitutive. The mechanism of action of the
OGG1 enzyme involves 8-oxo-dG DNA recognition and removal, a
process that is tightly regulated by external and internal stimuli (Fig. 4).
In particular, the 8-oxo-dG-repair activity of OGG1 has been shown
to decrease upon oxidative stress and then to be rescued once the cel-
lular redox state is re-established [81]. Notably, this effect cannot be
ascribed to OGG1 transcription inhibition. The proposed inactivating
mechanism envisions the oxidation of some OGG1 cysteine residues.
Intriguingly, nitric oxide donors may mediate OGG1 inhibition [82]
whereas H2O2 does not display this capability [83]. It has been pro-
posed that OGG1 cysteine oxidation triggers the enzyme re-localization
into stress vesicles in response to oxidative stress [84]. Besides its in-
hibitory effects on OGG1 activity, oxidative stress has been shown to
upregulate APE1 gene expression. At the same, increased APE1 con-
centration has been linked to an increased OGG1 AP-lyase activity [85].
Moreover, Ca2+ influx-mediated neuronal membrane depolarization
has been shown to induce mitochondrial ROS production and, in par-
allel, to increase APE1 transcription and DNA repair activity. In this
context, cAMP-response element-binding protein (CREB) activation
upon oxidative stress has been proposed to bind APE1 promoter, sti-
mulate expression of the gene, and limit DNA damage upon mi-
tochondrial ROS burst [86].
Furthermore, OGG1 activity is precisely fine-tuned by post-transla-
tional modifications. As an example,p300/CBP acetyltransferase com-
plex catalyzes the acetylation of critical lysine residues and enhances
OGG1 performance [87]. Interestingly, oxidative stress has been shown
to induce an acute amplification of p300 levels through auto-
Fig. 3. H2O2 fluxes leading to dG oxidation. Cytosolic H2O2, generated from mitochondria or cytosolic oxidases, may diffuse to the nucleus. On the other hand,
H2O2 may also be generated in the nucleus by LSD1 or in the nucleoplasm by nuclear oxidases. Upon conversion of H2O2 to •OH, dG may be oxidized.
Fig. 4. Several factors regulate OGG1 and 8-oxo-dG removal. OGG1 is
regulated by a plethora of stimuli influencing both its expression, stability and
eventually activity. ROS accumulation, smoke, nutrient deprivation and tem-
perature imbalance inhibit OGG1, whereas high fat diet, exercise and several
post-translational modifications may enhance its activity.
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acetylation and stabilization [88]. Moreover, ROS also promote the
acetylation process of p300/CBP [89] thus stimulating OGG1 activity,
whereas deacetylation of OGG1 by class I histone deacetylases reduces
8-oxo-dG repair [87]. On the contrary, NAD-dependent deacetylase
Sirtuitin (Sirt1) significantly reduces the levels of acetylated OGG1 and
therefore reduces OGG1 repair activity [90]. In an opposite way, Sirt1
induces APE1 deacetylation, thus enhancing APE1-mediated DNA re-
pair, in a process which is further promoted by genotoxic stress [91]. In
the mitochondria, instead, OGG1 is targeted by the sirtuin 3 (Sirt3), a
mitochondrial NAD(+)-dependent deacetylase, that increases OGG1
stability and repair activity [92]. In addition, several serine/threonine
kinases, including Protein kinase C (PKC), Cyclin-dependent kinase 4,
and c-Abl phosphorylate OGG1 and increase its nicking and AP lyase
activities [93]. Similarly to p300 acetyltransferase, PKC displays a
significantly increased activity upon ROS [94]. On the other hand, c-
Abl has been shown to be activated upon nitroxidative stress [95].
Upon phosphorylation, OGG1 associates preferentially to chromatin
compartment, whereas the nuclear matrix contains un-phosphorylated
OGG1 [93].
More recently, the inflammatory responses induced by endotoxin
administration or autoimmune processes have been shown to promote
OGG1 transcription through the Signal transducer and activator of
transcription 1 (STAT1) [96]. STAT1 promotes gene expression by as-
sembling interferon-γ complex on the interferon-γ activation motif of
target promoters [97]. In parallel it induces chromatin relaxation
through the acetylation and the demethylation of specific histone H3
lysine residues [96]. These results suggest a prominent role for in-
flammation signaling in OGG1 activity promotion and are also corro-
borated by recent data substantiating a significant OGG1 activation in
mice lung upon pollen antigen exposition [98]. Several alternative
splice variants for the OGG1 gene have been described. However,
common variants of OGG1 have also been evidenced to be inhibited by
the action of the inflammatory cytokine tumor necrosis factor alpha
(TNF-α) [99], thus suggesting an even more complicated landscape in
inflammation-mediated OGG1 fine-tuning.
The 8-oxo-dG content has also been shown to be influenced by stress
conditions associated to life habits. As an example, rats exposed to ROS-
inducing cigarette smoke display a significant down-regulation of
OGG1 and MTH1 [100]. From a dietary point of view, mice undergoing
obesogenic diet show increased OGG1 levels in different tissues [101].
Interestingly, the same result is observed in rats or humans practicing
enhanced physical activities [102]. On the contrary, cardiomyocytes
exposed to nutrient deprivation display a significant reduction in base
excision repair due to autophagy-dependent OGG1 degradation [103].
In a similar manner, non-toxic mild hyperthermia induces OGG1 pro-
teasomal degradation in HeLa [104]. On the other hand, OGG1 levels
have been shown to be down-regulated in newborn pigs upon ther-
apeutic hypothermia, thus suggesting a specific temperature range of
action for OGG1 activity [105].
7. Distribution of 8-oxo-dG in the mammalian genome
The genomic distribution of 8-oxo-dG is not uniform and represents
a controversial issue. Nakabeppu and colleagues first mapped steady
state 8-oxo-dG distribution in the human genome by in situ im-
munodetection and found that high-density single-nucleotide poly-
morphisms (SNPs) areas are predominantly distributed within 8-oxo-
dG-enriched regions [106]. In addition, high-resolution mapping of 8-
oxo-dG in rat genome was obtained by 8-oxo-dG immunoprecipitation
followed by microarray hybridization. This analysis revealed a negative
correlation between 8-oxo-dG distribution and gene density [107]. Al-
though it should be noted that gene-free regions show higher GC con-
tent than gene-rich ones, authors interpreted this negative correlation
as the consequence of gene-rich regions localization within the nucleus.
Indeed, gene-rich euchromatic regions occupy the inner portion of the
nucleus, whereas gene-poor regions stick to the periphery and thus are
more vulnerable to extra-nuclear oxidative stress. However, more re-
cently, the sequencing of immunoprecipitated 8-oxo-dG-containing
fragments (OxiDIP-Seq) showed 8-oxo-dG enrichment within the gene
body and promoter regions of both human and mouse cells [108]. This
result is in line with the data by Burrows and colleagues, who analyzed
by high resolution 8-oxo-dG sequencing (OG-Seq) the distribution of 8-
oxo-dG in mouse embryonic fibroblasts in vitro. The authors showed
that intergenic regions display lower accumulation of 8-oxo-dG when
compared to genic regions: in particular, promoters, 5′-UTRs, and 3′-
UTRs provide the highest 8-oxo-dG enrichment in the genome [71],
again suggesting a higher proneness of euchromatic regions to guano-
sine oxidation.
Notably, 8-oxo-dGhas been shown to map in the proximity of DNA
replication origins (ORIs) within the gene body of transcribed long
genes in mammalian cells [108]. Accumulation of 8-oxo-dG at the ORIs
within the body of these genes is compatible with the increased sensi-
tivity to oxidation of persistent ssDNA deriving from collisions between
transcription and replication machineries, or with the block of the
leading-strand replication by a G-quadruplex structure [109–111].
Interestingly, no association was found between 8-oxo-dG content
and transcription levels. In particular, very low 8-oxo-dG signals were
observed at the most highly transcribed genes, while the strongest
signals were measured within the gene body of particularly long genes
showing low transcription levels [108]. These data may suggest that
ROS-mediated DNA damage is repaired more efficiently in the highly
transcribed genes as compared to poorly transcribed ones. Traditionally
OGG1 has been preferentially observed in euchromatic regions [89],
where 8-oxo-dG is more efficient in recruiting OGG1 and other BER
enzymes [112]. However, a more recent model proposes that OGG1
recruitment is independent of the transcription levels, but highly
transcribed genes facilitate the recruitment of BER machinery [113].
On top of that, both in vivo [114] and in vitro [115] studies have shown
that heterochromatic telomeric regions display 8-oxo-dG enrichment.
This accumulation has been linked to telomere shortening [116] since
the presence of oxidized guanosine impairs telomere maintenance and
replication [117–119]. In addition, Opresko and colleagues showed that
telomerase itself may introduce 8-oxo-dG into replicating telomeres by
incorporating 8-oxo-dGTP [120], eventually leading to telomere crisis.
Beside the increased amount of 8-oxo-dG in telomeric regions, the work
by Liu and colleagues showed also that OGG1 repair activity is dimin-
ished in the telomeric regions due to secondary structures that may
form in the human telomeres [114].
Beside the chromatin structure, OGG1 activity has been shown to be
largely dependent on the DNA sequence at the genomic sites where it is
recruited (Fig. 5), with some sequences being more efficiently repaired
than others [121].
Indeed, OGG1-mediated 8-oxodG excision efficiency is increased by
the presence of a neighboring cytosine in the opposing DNA strand,
whereas a neighboring adenine reduces the efficiency of the 8-oxo-dG
cleavage. Furthermore, 8-oxo-dG repair is severely inhibited by the
proximity to other kinds of DNA damage (e.g. mismatches, abasic sites,
single-strand breaks) [122].
Finally, oxidative damage has been reported to be more frequent in
linker DNA between nucleosomes than in the octamer-embedding DNA
[123]. In parallel, OGG1 activity on chromatin is also profoundly af-
fected by 8-oxo-dG position with respect to nucleosomes: Angelov and
colleagues have indeed demonstrated that 8-oxo-dG is quickly repaired
when it is located in the internucleosomal linker DNA, whereas the
proximity of histones decreases ten-fold the efficacy of repair [124].
8. Effect of 8-oxo-dG on gene transcription
The direct effect of 8-oxo-dG on transcription is still controversial. In
vitro assays revealed that human recombinant RNA polymerase II (Pol2)
partially pauses in the presence of 8-oxo-dG, slowing down the tran-
scription rate and eventually leading to cytosine or adenine
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incorporation in the nascent mRNA opposite 8-oxo-dG [125,126]. Pol2
stalling on 8-oxo-dG has been suggested to induce a transcription
coupled repair (TCR) of 8-oxo-dG [127] by recruiting the DNA repair
machinery. Several works showed that the pausing phenomenon is
largely model-dependent and suggested a role for TFIIS transcription
factor in shortening the stalling time [126,128]. However, other studies
claimed the absence of a role for 8-oxo-dG in promoting a transcription
block [129,130]. In particular, in vivo experiments conducted on
murine embryonic fibroblasts showed the absence of any significant
block or delay of Pol2 at the 8-oxo-dG sites [131], suggesting a mar-
ginal role of the oxidized base in pausing transcription [132]. Fur-
thermore, recent evidence suggests that 8-oxo-dG does not represent per
se a barrier for transcription. Rather, the OGG1 recruitment and activity
may induce a significant delay in Pol2 activity, thus promoting the
observed Pol2 stalling [130]. Interestingly, a recent study of Vermeulen
and colleagues explained the 8-oxo-dG-related Pol2 pausing as the re-
sult of 8-oxo-dG repair intermediates [113]. However, it has been re-
cently proposed that these discrepancies may be largely due to the
specific position of 8-oxo-dG in the promoter, the promoter strength,
and the nucleotidic sequence surrounding the lesion [133].
Besides being involved in Pol2 pausing, 8-oxo-dG has been shown to
possess an epigenetic activity when found in gene promoter (Fig. 6).
In particular, multiple studies have shown that guanosine oxidation
in promoters leads to increased gene expression [134–137]. The most
acknowledged mechanism relies on the formation of G-quadruplex DNA
secondary structures, that have been shown to promote gene expression
[138,139]. Several works pointed out that 8-oxo-dG incorporation in
potential G-quadruplex–forming sequences (PQSs) located in the coding
strand of gene promoter leads to increased transcription. In details,
OGG1 recruitment on 8-oxo-dG generates an abasic site which unmasks
the PQS, leading to the formation of a G-quadruplex where APE1 binds
[140] and interacts with transcription factors [141]. This mechanism
seems to be particularly relevant in human DNA repair genes, which
display PQS enrichment in their promoter and 5′-UTR [142]. Notably,
the same mechanism has been shown to be crucial for the expression of
several genes such as VEGF [143,144], PCNA [145], NTHL [141], and,
more recently, to the DNA repair gene NEIL3 [146]. Interestingly, an-
other work by Burrows and colleague showed that, when 8-oxo-dG is
incorporated in PQSs located in the template strand, the formation of G-
quadruplex downregulates gene expression [147]. Coherently, two re-
cent studies by Xodo and coworkers proposed a related mechanism
responsible for KRAS and HRAS transcription regulation. In their
model, the formation of G-quadruplexes in the gene promoter leads to
gene repression [148]. However, the recruitment of nuclear proteins
essential for KRAS [149] and HRAS [150] transcription to the abasic G-
quadruplex (i.e. MAZ, hnRNPA1, and PARP-1) regenerates the double
helix, boosting the gene transcription. Interestingly, in both these genes
the PQS regions are located in the template strand, therefore corro-
borating the model by Burrows and colleagues.
Accumulation of 8-oxo-dG has been reported for several loci and
upon different stimuli (listed in Table 1).
Estrogen increases transcription levels and 8-oxo-dG content of Bcl-
2 and pS2/TFF1 promoter regions [151]. Likewise, androgen stimulates
the transcription of kallikrein 3 (Prostate Specific Antigen) and other
androgen-specific target genes in prostate cells following accumulation
of 8-oxo-dG in the androgen response elements of the promoters of
those genes [152]. The c-Myc proto-oncogene activates transcription
and induces 8-oxo-dG formation at the promoters of Nucleolin and
Aspartate Transcarbamylase genes, two critical mediators of Myc-
Fig. 5. Factors affecting OGG1 activity in oxi-
dative damage repair. OGG1 recruitment and
repair activity may be strongly inhibited by sev-
eral factors, mainly related to DNA structure
compaction and alteration. On the contrary, re-
laxed chromatin structure and specific DNA se-
quences facilitate OGG1 recruitment and activity.
Fig. 6. 8-oxo-dG accumulation alters gene expression in multiple ways. 8-
oxo-dG-mediated recruitment on chromatin has been suggested to weakly
dampen RNA polymerase transcription activity. On the contrary, oxidative
damage has been demonstrated to promote gene expression through the in-
duction of G-quadruplex formation, chromatin relaxation and reduced DNA
methylation.
Table 1
List of genes found upregulated by 8-oxo-dG on their promoters.
Gene name Function Cell type Inducer Ref.
EDN1 Vasoconstriction Endothelial Hypoxia [145]
HMOX1 Heme catabolysm Endothelial Hypoxia [145]
VEGF Angiogenesis Endothelial Hypoxia [145]
BCL2 Apoptosis regulation breast cancer Estrogen [131]
TTF1 Secreted protein Breast cancer Estrogen [151]
KLK3 Serine protease Prostate epithelial Androgen [152]
TMPRSS2 Serine protease Prostate epithelial Androgen [152]
MIR125B2 Proliferation regulation Prostate epithelial Androgen [152]
MIR133B Apoptosis regulation Prostate epithelial Androgen [152]
NCL Ribosomes synthesis Fibroblast Myc [153]
CAD Pyrimidine biosynthesis Fibroblast Myc [153]
CXCL2 Immunoregulation Lung epithelial TNFα [155]
IL1B Immunoregulation Lung epithelial TNFα [155]
TNF Immunoregulation Lung epithelial TNFα [155]
M. Giorgio, et al. Redox Biology 29 (2020) 101398
6
driven transformation [153]. Moreover, 8-oxo-dG plays a critical role
also in the NF-κB binding site as it increases the recruitment of the p50
NF-κB transcription factor [136,154,155]. As an example, TNF-α-in-
duced oxidative stress and increase in 8-oxo-dG content of nuclear DNA
favor NF-κB-mediated expression of cytokine genes and accumulation
of inflammatory cells in mouse airways [156]. Notably, hypoxia-in-
duced genes, such as VEGF, Heme Oxigenase 1 and Endothelin 1 display
increased 8-oxo-dG-content in the promoter regions upon hypoxic
conditioning [145].
The specific mechanism leading to the accumulation of 8-oxo-dG in
the hypoxic response element (HRE) of VEGF, or in the NF-κB binding
site, is less clear. However, upon dG oxidation, the presence of OGG1 at
promoter sequences of NF-κB target genes has been shown to promote
gene expression [154,155]. The proposed mechanism relies on the in-
troduction of a bend in the DNA duplex [156] and on the concomitant
recruitment of TFIID, NF-κB/RelA, Sp1, and phosphorylated RNA pol II
[157]. In this regard, the position of 8-oxo-dG in the DNA is relevant,
since 8-oxo-dG placed 2, 3, or 5 bp (5′ or 3′) distance from the NF-κB-
binding motif results in reduced binding of the transcription factor
[154]. This latter outcome may involve either 8-oxoG itself or the in-
terference of OGG1 [156]. Likewise, OGG1 and APE1 recruitment on
HRE of VEGF and other hypoxia-induced genes facilitates the recruit-
ment and the activity of the Hypoxia inducible factor α [158].
Recently, it has been suggested that 8-oxo-dG generation may favor
transcription through chromatin relaxation. In particular, Avvedimento
and coworkers showed that estrogen signaling activates LSD1 which in
turn facilitates the transcription machinery activity [151]. LSD1 cata-
lyzes histone demethylation by two divalent reduction of the FAD co-
factor. The reconstitution of the oxidized FAD cofactor causes H2O2
production in proximity to the DNA [33] leading to 8-oxo-dG accu-
mulation in the regulatory sites of estrogen target genes. Then, OGG1
and topoisomerase IIβ are recruited at these 8-oxo-dG sites where the
OGG1-induced transient nick is used as entry points by the topoi-
somerase which relaxes the DNA strand to accommodate the tran-
scription initiation complex [151]. The process involving LSD1-medi-
ated 8-oxo-dG generation has been shown to be necessary in promoting
expression of Myc target genes: LSD1 is activated by Myc and induces
OGG1, APE1 and Pol2 recruitment upon guanosine oxidation [152].
Moreover, H3K9me2 demethylation by LSD1 and the subsequent local
8-oxo-dG formation are also associated to the transcription of androgen
target genes [153].
In addition, 8-oxo-dG has been shown to affect dC methylation,
which mainly occurs in CpG dinucleotides and generates 5 mC.
Following the initial Holliday's hypothesis on the role of DNA damages
on the epigenetic dC code [159], it has been extensively demonstrated
that 8-oxo-dG affects C5 dC methylation by interfering with the binding
of DNA methyltransferases (DNMTs) to dC [160–163]. Consistently, a
negative correlation between the content of 8-oxo-dG and 5 mC in
human DNA was observed [164]. Interestingly, CuZn-SOD deficient
mice display 8-oxo-dG accumulation and massive DNA hypomethyla-
tion [165]. On top of that, methylated dC flanking 8-oxo-dG shows a
reduced affinity for methyl-CpG binding proteins thus reducing their
transcription suppression efficiency [166], which suggests that 8-oxo-
dG formation may exert a long-lasting effect on gene expression.
Notably, oxidative damage also occurs directly at RNA and it has
been shown to be mediated by the same oxidative agents that act on
DNA [167]. It is estimated that up to half mRNAs bear at least one 8-
oxo-G adduct; thus, 8-oxo-G content is ten-fold higher than 8-oxo-dG
[168]. RNA oxidative damage affects protein synthesis process, pro-
moting both ribosome stalling, premature translation termination, and
accumulation of short polypeptides [169,170]. The oxidation of rRNA
and tRNA is also documented and leads to decrease in protein pro-
duction rate [171] tRNA degradation [172] respectively.
Therefore, even though DNA oxidation may exert an activating ef-
fect on gene expression, oxidized RNAs are only associated to decreased
protein synthesis, thus suggesting multiple control layers of the gene
expression process upon oxidative stress.
9. Genome-independent functions of OGG1 and 8-oxo-dG
OGG1 and MTH1 expression appear stable during the cell cycle
[173]. In addition to promoting DNA repair, OGG1 has been shown to
possess other roles involved in multiple aspects of cellular physiology.
Phosphorylated OGG1 enzyme sticks to mitotic chromatin [93] and
associates with microtubules and with the mitotic spindle during in-
terphase and mitosis respectively. The interaction with the mitotic
machinery allows a faithful distribution of the repair enzyme pool to
daughter cells [174]. Moreover, time-lapse microscopy upon OGG1
siRNA-mediated silencing revealed a critical role of OGG1 in chromo-
some alignment and segregation during mitosis [175]. Moreover, cy-
tosolic OGG1 shows the capacity to form a complex with free 8-Oxo-
7,8-dihydroguanine. This complex interacts with Rho GTPase leading to
the phosphorylation of the mitogen-activated kinases and to the acti-
vation of the related signaling cascade [176]. In addition, the same
complex induces α-smooth muscle actin polymerization resulting in
cytoskeletal modulation [177].
Notably, the pool of 8-oxo-GTP,deriving from the hydroxyl radical
attack to the cytosolic 2-dG 5′- triphosphate (dGTP) [178], inhibits the
activity of soluble guanylyl cyclases and thus alters the cellular sig-
naling upon oxidative stress [179]. 8-oxo-dG in mitochondrial genome
has been shown to promote profound changes in liver metabolism. In-
deed, recent works showed that upon OGG1 knockout, the increased
mitochondrial 8-oxo-dG levels impacts on the electron transport chain
(ETC) efficiency in an age-, tissue-, and strain-dependent manner
[180,181]. However, this situation should not be ascribed to mutations
in the ETC genes. Rather, the authors suggested a specific role for the
interaction between 8-oxo-dG and OGG1 in promoting efficient mi-
tochondrial metabolism.
10. Lessons from 8-oxo-dG repair defective mice
OGG1 knock-out mice (OGG1−/−) have been generated [70,182].
Despite the lack of any evident pathological phenotype, they show 3- to
7-fold increase in 8-oxo-dG levels at 2–4 months of age. Interestingly,
while heterozygous mice (OGG1+/−) show two-fold reduction of OGG1
activity, they do not display abnormal accumulation of 8-oxo-dG, thus
suggesting that the wild-type (OGG1+/+) 8-oxo-dG repair rate exceeds
the rate of 8-oxo-dG formation. In addition, OGG1−/− mice do not
display neither increased mutation burden nor enhanced tumorigenic
potential [70,183,184]. Notably, OGG1−/− mice display improved re-
sistance to gastrointestinal infection [185] and to systemic LPS-induced
inflammation [186]. However, double mutant OGG1−/− and MTH1−/
− (mice are short living due to severe incidence of tumor [187].
OGG1 deletion has been also shown to exert profound effects on the
mitochondrial genome. Liver mitochondrial DNA of OGG1−/− mice
bears 20-fold more 8-oxo-dG than the wild-type counterpart [188]:
interestingly, this phenotype is completely abolished in fasting OGG1−/
− mice, which display the same mitochondrial 8-oxo-dG levels as
compared to wild-type ones [180].
Another interesting phenotype of OGG1−/− mice is the down-
regulation of fatty acids oxidation genes and the consequent switch
towards lipogenesis in the liver. Consistently, OGG1−/− mice accu-
mulate more fat upon high fat-enriched diet and they are more sus-
ceptible to develop glucose intolerance suggesting 8-oxo-dG processing
may affect metabolism at systemic level [101]. In this scenario, a recent
study has suggested that OGG−/- mice skeletal muscles are much more
sensitive to palmitate induced mtDNA damage [189].
In addition, OGG1−/− mice display increased macrophage apop-
tosis, cytokine release and subsequent inflammatory response. This si-
tuation is particularly severe in the atherogenesis process, since im-
paired macrophage physiology leads both to atherosclerosis and
thrombotic events [190].
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Eventually, recent studies on MTH1/OGG1 double knock-out mice
have suggested a role for these two proteins in neuronal physiology. In
this model, neurons exhibit mitochondrial dysfunction and poor neurite
outgrowth [191]. Given the prominent role of mitochondrial home-
ostasis in Alzheimer disease onset, OGG1 and MTH1 alterations have
been also suggested to be key players in the development of this pa-
thology [192].
A summary of main dysfunction associated with OGG1 deletion in
mice is depicted in Fig. 7.
11. Oxidative signaling in the mitochondrial genome
The effective rate of 8-oxo-dG formation in mtDNA was discussed
long time ago [193]. Some laboratories estimated in mtDNA up to 1-3
8-oxo-dG per 105 dG, a frequency much higher than in the nuclear
DNA. It would account approximately for one adduct every 20 mi-
tochondrial genomes [194] and, when considering the number of mi-
tochondrial genomes per cell [195], at least 8-oxo-dG might be present
in each cell. This phenotype might be due to mtDNA proximity to the
ROS produced by ETC leakage and to the lack of histone shields in
mtDNA. However, in other studies, oxidative damage to mtDNA was
indicated to be much less frequent, even lower than in nuclear DNA
[196]. This might be explained by the efficient 8-oxo-dG repair mi-
tochondrial machinery [197].
The response of mtDNA to oxidative stress is also controversial. Pro-
oxidant treatment of human fibroblasts induces mtDNA damage and a
significant increase in mtDNA copy number [198], though the mtDNA-
specific Polymerase-γ is known to be inhibited by 8-oxo-dG [199]. In
addition, hypoxia-mediated oxidative stress leads to mtDNA copy
number increase in many tissues. Indeed, oxidative damage induces
OGG1 accumulation in the D-loop region of mtDNA, eventually leading
to the recruitment of TFAM, the main factor in mtDNA transcription
and replication [200].
On the contrary, oxidative stress or BER inhibition result in de-
gradation of damaged mtDNA molecules [201] in tumoral cell lines.
Consistently, 8-oxo-dG adducts localize preferentially on fragmented
mtDNA upon oxidative stress [202]. High susceptibility of mtDNA to
strand breaks and Endonuclease G-mediated degradation was observed
upon oxidative stress and proposed as a mechanism for protecting from
deleterious accumulation of mutated mitochondrial genomes [203].
Intriguingly, recent works have shown that oxidative stress may also
inhibit Endonuclease G activity, thus preventing mtDNA degradation
and affecting cell death process [204].
These results suggest that both mtDNA copy number increase and
degradation represent major responses to oxidative stress conditioning.
The specific role of the two different processes in mitochondrial re-
sponse to oxidative stress has still to be elucidated. Moreover, regard-
less the peculiarity of mtDNA with respect to oxidative stress, a reg-
ulatory function of 8-oxo-dG within mitochondria still needs to be
validated.
12. 8-Oxo-dG during aging and tissue remodeling
The implications of oxidative damage in aging are well known and
8-oxo-dG has been shown to be the most common and abundant oxi-
dative DNA base lesion in all aged cell types [205]. Several-fold in-
crease of 8-oxo-dG in nuclear DNA of old compared to young animals
has been observed in major organs [206,207]. Intriguingly, studies
conducted both on mice and on rats suggest that nervous tissue displays
the highest accumulation of 8-oxo-dG during the aging process
[208,209]. Furthermore, measures of urinary secreted 8-oxo-G con-
firmed in human the aging-associated increase of this adduct [210].
Aging-related 8-oxo-dG accumulation was attributed to both higher
levels of ROS and decreased activity of OGG1 in the elderly [211]. A
dynamic role of 8-oxo-dG repair throughout life span is supported by
several observations. In particular, levels of total OGG1 have been
shown to be unaltered over time across individuals [212], while the
acetylated active form displays critical decrease in old individuals
[102]. In addition, mitochondrial OGG1 displays a pattern of decreased
expression in old mice [213]. However, even though 8-oxo-dG accu-
mulation represents a clear hallmark of aging, its functional role in the
promotion or in the progression of this process has still to be elucidated.
In parallel, 8-oxo-dG accumulation has also been shown to take part
into the differentiation process. Indeed, interfering with OGG1 ex-
pression resulted in the impairment of embryonic stem cell neuronal
differentiation [214] suggesting that 8-oxo-dG repair might have a role
in the control of stem cell and tissue homeostasis. To this purpose, the
contribution of Sirt3 on OGG1 gene expression and on the maintenance
of low 8-oxo-dG levels was found to be critical for the suppression of
fibroblast differentiation [215]. Moreover, the commitment of em-
bryonic stem cells toward myocardial differentiation has been also as-
sociated with accumulation of 8-oxo-dG and G∙C to C∙G transversion,
particularly in the promoter region of transcription factors involved in
cardiac specification such as Tbx5, Mef2C, Nkx2-5, and Gata4 [74].
Notably, this mutation-mediated effect of DNA oxidation on the ex-
pression pattern is transmissible and may represent a mechanism of
epigenetic adaptation to oxidative stress conditions. Eventually, accu-
mulation of 8-oxo-dG in mtDNA of OGG1−/− neural stem cells (NSCs)
leads to a reduced mitochondrial activity which is in turn associated to
a limited differentiation potential of NSCs [216].
13. Evolutionary perspective and conclusions
Epigenetics is defined as the study of heritable changes in genome
function that are not due to alterations in the DNA sequence. 5 mC is a
typical epigenetic mark that extends the 4 bases code and provides a
new information level. The oxidized form of guanosine represents a
stable change in the DNA structure that, similarly to 5 mC, may encode
additional information to the primary DNA sequence dictated by the
redox environment surrounding the genome.
8-oxo-dG is produced by nonspecific fluxes of H2O2 from the cytosol
to the nucleus, thus reflecting overall intracellular redox balance. 8-
oxo-dG is also produced by local reactions taking place at the chromatin
level, such as LSD1-mediated demethylation, and is involved in the
control of expression of specific genes. Whether these two pathways of
8-oxo-dG formation cooperate is unknown. Given the implication of
DNA oxidation in mutagenesis and aging, it is likely that marking dG by
oxy group represents a tightly regulated process.
Fig. 7. Phenotypical alteration identified in OGG1 defective mice. Even
though OGG1 absence has not been associated to enhanced tumor onset, it may
significantly impair several aspects of mouse physiology, with the induction of
inflammation, lipogenesis, and neuron and neural stem cell alteration.
Intriguingly, OGG1 deletion has not been demonstrated to have a functional
role in aging promotion.
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The importance of this regulation is also suggested by the con-
servation of critical residues in the glycosylases aimed at removing 8-
oxo-dG from bacteria to eukaryotes [217,218]. In parallel, phylogeny
studies have shown a consistent difference in the number of G in the
DNA across species. The positive correlation between G content and
environmental temperatures observed in some sea organisms or in birds
versus reptiles is interpreted as a selective advantage of the more stable
GC than AT pair, though the importance of the 3 versus 2 hydrogen
bonds for helix stability is debated [219,220]. In addition, a possible
benefit of G enrichment is the reduced risk of thymine dimer formation
upon sun exposure.
Generally, external temperature, thermogenesis, and aerobic meta-
bolism involve higher ROS levels that in turn lead to 8-oxo-dG forma-
tion. Counterintitively, the genomes of aerobic organisms show high
levels of G compared to anaerobes [221]. In this scenario, higher G
content could act as a ROS buffer and therefore reflect an adaptation
aimed at improving the genomic response to potentially dangerous
peaks of oxidant generated within cells by metabolism. Even the intron-
exon architecture of different genomes has been suggested to be se-
lected in order to make genes resistant to oxidative stress [222]. In this
view, DNA oxidation is an accidental by-product of aerobic metabolism
that triggers undesirable genotoxic damage. However, “physiological”
DNA oxidation may have important consequences for the fitness as
revealed by the regulation of pro-angiogenic factor in hypoxic condi-
tions. Available information supports the view that cells use controlled
production of 8-oxo-dG to regulate gene expression and therefore DNA
oxidation should not be regarded solely as an accidental by-product.
However, further studies are still required to understand whether
guanosine oxidation codes for a transmissible information capable to
durably and specifically alter cellular behavior.
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